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Overview
• Nutrition and brain development
• Early-life iron deficiency (ID)
– Causes
– Effects on long-term neurobehavioral function

• Neuron culture model of early-life ID
– Potential mechanisms
– Interventions

How is the Brain Built?

Genome

Modified from Lindsay 2019 
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How is the Brain Built? 
Alterations in 
infant/toddler biology:
• Metabolic
• Immune
• Inflammatory
• Endocrine

Genome

+ Genetics

Modified from Lindsay 2019 

Nutrition

Stress/
Stimulation

Risk of disorders:
• Neurodevelopmental
• Mood
• Cognitive
• Neurodegenerative

Placenta

Early Brain Development

*Brain development is 
energetically demanding*

The NIH MRI Study of Normal Brain Development

Rapp and Bachevalier 2013; Kuzawa 1998

High Energetic Needs of Brain Development

Newborn
• Need ~110 kcal/kg/day

– 60% of energy intake 
goes to the brain!

Adult
• Need ~40 kcal/kg/day

– 20% of energy intake 
goes to the brain

Kuzawa 1998; Devi 2015; Consolini 2016 

Nutrition and Brain Development
• All nutrients are necessary for brain development during 

both prenatal and early postnatal life
• Metabolic Substrates – Nutrients or molecules that 

support cellular energy metabolism (i.e., ATP production)
– Macronutrients (e.g., protein, fats, glucose)
– Oxygen 
– Micronutrients (e.g., iron, iodine, zinc, copper)
– Other Vitamins/Cofactors (e.g., Vitamins B6 and B12, folate 

and choline)
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Modified from 
Heckman (2013) and 
Thompson & Nelson 
(2001) 

First 1000 days

Declarative
Learning/Memory
Hippocampus

Modified from 
Heckman (2013) and 
Thompson & Nelson 
(2001) 

First 1000 days

Sensitive period and
“window of opportunity”

Declarative
Learning/Memory
Hippocampus

Decision making
Problem solving
Working memory
Attention

Iron Iron

Modified by Heckman 
(2013) from Thompson 
& Nelson (2001) 

Declarative
Learning/Memory
Hippocampus

Decision making
Problem solving
Working memory
Attention

1) Timing
2) Dose/Duration
3) Nutrient Needs

• Iron deficiency (ID) with or without anemia is the most 

common micronutrient deficiency – 2 billion people

– 50-80% of pregnant women and children in low-resource 

countries 

– 15-42% of pregnant women/children in the U.S.

• Fetus, infant, toddler are most susceptible to brain ID and 
neurobehavioral dysfunction

• Causes:

– Decreased iron supply

– Increased iron demand (tissue iron redistribution)

Early-Life Iron Deficiency

Yip 1994; Walker 2007; Mclean 2009; Cogswell 2009; Mei 2011; Auerbach 2019
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Factors Determining Infant Iron Status

Lozoff, Am J Clin Nutr 2006

• Maternal IDA
– Fetal iron status affected when maternal Hgb <85 g/L or 

serum ferritin <14 µg/L (Bora 2014)

• Placental insufficiency due to maternal hypertension 
(IUGR)
– 32% reduction in brain iron (Georgieff 1995)

• Prematurity
– 60-70% of maternal-fetal iron transfer is during 3rd trimester 

(Bothwell 2000)

– Frequent blood draws (phlebotomy-induced anemia)

Decreased Fetal-Neonatal Iron Supply

Factors Determining Infant Iron Status

Lozoff, Am J Clin Nutr 2006

Factors Determining Infant Iron Status

Lozoff, Am J Clin Nutr 2006
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• Iron is prioritized to RBCs over the fetal-neonatal brain 
when iron demand is greater than iron supply
(Petry 1992; Zamora 2016; Rao 2016; Ennis 2018)

• Gestational diabetes
– Fetuses of diabetic mothers have increased RBC production 

due to hyperglycemia causing low blood oxygen levels
– Iron is redistributed from tissues to support RBC production

• Liver > Skeletal Muscle > Heart > Brain
• ~40% reduction in brain iron (Petry 1992)

• Prematurity and IUGR
– Catch up growth

Increased Iron Demand
• Iron-containing enzymes and proteins are involved in cellular 

processes important for the developing brain:
• Axon Myelination - Speed of processing

– Lipid and ATP production in oligodendrocytes
• Neuronal Structural Complexity – Neural circuit formation 

(e.g., learning/memory)
– Neuronal and glial ATP production

• Monoamine Neurotransmitters - Reward, mood, memory, 
motivation, motor control, and alertness
– Tyrosine and Tryptophan hydroxylase synthesis of dopamine, 

serotonin, norepinephrine

Iron and Brain Development

ID Impairs Brain Function in Neonates, Infants, and 
Toddlers Long-Term Neurobehavioral Effects of Early-Life ID



6/17/20

6

• Fetal-Neonatal ID 
– Worse retrieval memory at 3.5y in infants of diabetic 

mothers (Riggins 2009)

– Impaired language, fine motor, and attention at 5y 
(Tamura et al 2002)

– Increased risk of schizophrenia in adulthood with 
maternal IDA (Insel et al 2008)

Long-Term Neurobehavioral Effects of Early-Life ID in 
Humans

• Infant-Toddler ID
– Impaired motor function throughout childhood (Shafir 2006)

– Slower auditory and visual processing speed at 4y (Algarin 2003)

– Increased risk of ADHD at 5y (Doom 2014)

– Worse inhibitory control and recognition memory at 10y (Algarin
2013; Congdon 2012) 

– Increased risk of depression and anxiety in adolescence (Lozoff
2000)

– Impaired executive functions, recognition memory and 
cognitive test scores at 19yr (Lukowski 2010; Lozoff 2006)

– Altered brain connectivity at 21y (Algarin 2017)

Long-Term Neurological Effects of Early-Life ID in 
Humans

• Iron-containing enzymes and proteins are involved in cellular 
processes important for the developing brain:
• Axon Myelination - Speed of processing

– Lipid and ATP production in oligodendrocytes
• Neuronal Structural Complexity – Neural circuit formation 

(e.g., learning/memory)
– Neuronal and glial ATP production

• Monoamine Neurotransmitters - Reward, mood, memory, 
motivation, motor control, and alertness
– Tyrosine hydroxylase synthesis of dopamine, serotonin, 

norepinephrine

Iron and Brain Development
• Fetal-neonatal and postnatal IDA in rodents mimic the corresponding 

human condition
– Similar degree of brain ID

• Long-term dysfunction in hippocampus, striatum, cortex and 
cerebellum and behaviors
– Learning/memory, social interaction, motor impairments and increased 

anxiety
– Impaired metabolite concentrations, gene expression, myelination, 

dopamine neurotransmission, dendrite structure, synaptic function
• Recovery depends on timing and dose of ID and iron treatment
• Neuronal ID without anemia causes similar neurodevelopmental and 

long-term deficits

Summary of ID and Neurodevelopment – Pre-Clinical 
Animal Models
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Clinical Problem and Management
• Problem: Long-term cognitive and psychosocial deficits and increased 

risk for adult mood disorders
• Prevention:

– Better to build the brain right the first time
• Early Diagnosis:

– Current (AAP) – Screen for anemia at 12mo
• Late in postnatal iron-sensitive period and brain ID occurs before onset of anemia

– Not great biomarkers of ID
• Current biomarkers can be altered by inflammation and other non-ID conditions
• Need biomarkers of brain ID prior to anemia (Raghu Rao, Michael Georgieff)

• Treatment:
– Just give back iron
– Adjunct therapies?

Basic Principles
• Early-life iron deficiency (ID), with or without anemia (IDA), causes long-term 

neurobehavioral dysfunction
• Anemia is the end-stage of early-life ID

– Iron is prioritized to RBCs over other organs
– Brain ID occurs before onset of anemia

• It is neuronal ID, independent of anemia, that is responsible for the persistent 
structural and learning/memory deficits

• Current diagnosis/iron repletion strategies are not-sufficient
– Early detection and repletion is key

• Are these kids just out of luck or could we provide treatment in addition to or 
instead of iron therapy?
– Adjunct therapies that target the underlying iron neurobiology

• Better definitions of iron-sensitive critical period

Potential Mechanisms of Long-Term Learning 
and Memory Deficits

1. Persistent impairment in expression patterns of 
synaptic genes
– Epigenetic modifications (e.g., methylation)

2. Residual neuron structural deficits
– Not enough iron during energy-demanding critical 

period of hippocampal neuron maturation

Choline

Neuron Structure
• Dendritic arborization
• Dendritic spine head 

maturation
• Axonal growth and 

branching

• Synapse formation
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Hippocampal Neuron Structure – Learning and Memory

• Hippocampus mediates 
recognition memory of
– Facts, objects and events
– Spatial mapping

• Learning and memory 
circuit formation/function 
depends on proper 
structural development of 
hippocampal neurons

Early-Life ID and Adult Neuron Structure and 
Learning/Memory

Carlson et al., 2009

Iron-Sufficient Iron-Deficient

Early-Life ID and Adult Neuron Structure and 
Learning/Memory

Fretham et al., 2012

ID w/ Late Iron TxIron-Sufficient Iron-Sufficient

Early-Life ID and Adult Neuron Structure and 
Learning/Memory

ID w/ Late Iron Tx

Fretham et al., 2012

Day 1

Day 2 Day 4

Day 1
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Early-Life ID and Adult Neuron Structure and 
Learning/Memory

Hippocampal dendritic 
complexity and spatial 
learning/memory are not 
rescued by late iron 
repletion following early-life 
neuronal ID

ID w/ Late Iron TxIron-Sufficient

Fretham et al., 2012

Research Objectives
1. Understand the cellular/molecular mechanisms 

driving the neuronal structural deficits that 
impair long-term learning and memory

2. Uncover novel targets for intervention, beyond 
simply giving back iron, in order to prevent or 
rescue learning and memory deficits

• Develop a primary hippocampal neuron culture 
model of ID that mimics the in vivo condition 
during the iron-sensitive period of rapid neuron 
development

Approach Neuronal ID Culture Model

Establishment of 
axon and dendrites

Peak dendritic growth and 
synapse formation

Mature 
Neuron
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Establishment of 
axon and dendrites

Peak dendritic growth and 
synapse formation

Mature 
Neuron

Neuronal ID Culture Model

18

Treatment Groups:

1) Control (Iron-Sufficient)
2) DFO (Iron-Deficient)

Analyses:

1) Dendrite complexity
2) Mitochondrial function

GFP
MAP2

Primary
Secondary
Tertiary

Neuronal Dendrite Complexity Analysis

Neuronal Dendrite Complexity Analysis

Overall dendritic 
complexity relative to 
distance from soma

ID Reduces Overall Dendrite Complexity

C
on
tro
l

Iro
n-
D
ef
ic
ie
nt

p < 0.05, n=72-90 neurons*
Bastian et al., 2016
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Mitochondria and Dendrite Development

• Dendrite growth is ATP-dependent
• Mitochondrial respiration is iron-dependent
• Mitochondria are trafficked and localize to 

growing dendrites and synapses
– Requires ATP
– Disrupted in several mood and psychosocial disorders

8 Fe-S

3 Fe-S

Heme b

Heme bL
Heme bH
Heme c1

Fe-S

Heme a

Heme a

Mitochondrial Electron Transport Chain

Neuronal Mitochondrial Respiration 

8 Fe-S

3 Fe-S

Heme b

Heme bL
Heme bH
Heme c1

Fe-S

Heme a

Heme a

p < 0.05*

Control
Iron-Deficient

Part 1 – Summary and Working Model

Mitochondrial 
Respiration

Early-life ID

Simplified 
Dendrite 
StructureCytochrome

synthesis

ATP

FETUS-NEONATE

Part 1 – Summary and Working Model

Mitochondrial 
Respiration

Early-life ID

Simplified 
Dendrite 
Structure

Neuronal &
behavioral 

dysfunction Cytochrome
synthesis

ATP

FETUS-NEONATE ADULT
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Part 2 – Iron Repletion

Mitochondrial 
Respiration

Early-life ID

Simplified 
Dendrite 
Structure

Neuronal &
behavioral 

dysfunction Cytochrome
synthesis

ATP

FETUS-NEONATE ADULT

Iron

Causal
Intervention

?

Mitochondrial 
dysfunction?

?

Establishment of 
axon and dendrites

Peak dendritic growth and 
synapse formation

Mature 
Neuron

Iron Repletion Experimental Design

2118

Treatment Groups:
1) Control 
2) Iron-Deficient
3) ID + Iron Repletion

Iron Treatment
Iron Treatment

Early but not Late Iron Repletion Restores Dendrite 
Complexity

a > b; p < 0.05
Bastian et al., unpublished

Iron Repletion Summary

Mitochondrial 
Respiration

Early-life ID

Simplified 
Dendrite 
Structure

Neuronal &
behavioral 

dysfunction Cytochrome
synthesis

ATP

FETUS-NEONATE ADULT

Iron

Causal
Intervention

?

Mitochondrial 
dysfunction?

?

EARLY

X

X

X
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Iron Repletion Summary

Mitochondrial 
Respiration

Early-life ID

Simplified 
Dendrite 
Structure

Neuronal &
behavioral 

dysfunction Cytochrome
synthesis

ATP

FETUS-NEONATE ADULT

Iron

Causal
Intervention

?

Mitochondrial 
dysfunction?

?

LATE

Alternative Treatments for Early-Life Iron Deficiency

• General populations that could benefit:
1. Those that are not diagnosed with ID early enough and 

iron repletion will not be sufficient (Treatment at 14DIV)
- e.g., Diagnosed with ID at birth or one year, after an iron-

sensitive period of brain development has passed 
2. Those that are diagnosed with ID early enough for iron 

repletion to be sufficient but they cannot get enough 
iron (Treatment at 11DIV)
- e.g., Nutritional ID in low and middle income countries

Alternative Treatments for Early-Life Iron Deficiency

• General populations that could benefit:
1. Those that are not diagnosed with ID early enough and 

iron repletion will not be sufficient (Treatment at 14DIV)
- e.g., Diagnosed with ID at birth or one year, after an iron-

sensitive period of brain development has passed 
2. Those that are diagnosed with ID early enough for iron 

repletion to be sufficient but they cannot get enough 
iron (Treatment at 11DIV)
- e.g., Nutritional ID in low and middle income countries

Alternative Treatments for Early-Life Iron Deficiency

• General populations that could benefit:
1. Those that are not diagnosed with ID early enough and 

iron repletion will not be sufficient (Treatment at 14DIV)
- e.g., Diagnosed with ID at birth or one year, after an iron-

sensitive period of brain development has passed 
2. Those that are diagnosed with ID early enough for iron 

repletion to be sufficient but they cannot get enough 
iron (Treatment at 11DIV)
- e.g., Nutritional ID in low and middle income countries



6/17/20

14

Alternative Treatments for Early-Life Iron Deficiency

• General populations that could benefit:
1. Those that are not diagnosed with ID early enough and 

iron repletion will not be sufficient (Treatment at 14DIV)
- e.g., Diagnosed with ID at birth or one year, after an iron-

sensitive period of brain development has passed 
2. Those that are diagnosed with ID early enough for iron 

repletion to be sufficient but they cannot get enough 
iron (Treatment at 11DIV)
- e.g., Nutritional ID in low and middle income countries

Part 3 - Interventions

Mitochondrial 
Respiration

Early-life ID

Simplified 
Dendrite 
Structure

Neuronal &
behavioral 

dysfunction Cytochrome
synthesis

ATP

FETUS-NEONATE ADULT

Causal
Intervention

Choline

Choline

Mitochondrial 
dysfunction

Choline as an Alternative Treatment for Early-Life ID
• Choline is an essential nutrient that is critical for 

early brain development
• Choline improves learning and memory in 

animal models of neurodevelopmental 
disorders:
– Rett’s Syndrome 
– Down’s Syndrome 
– Fetal Alcohol Syndrome

Choline Metabolism in Developing Neurons

TCA 
Cycle

Glycolysis

Pyruvate

Acetyl-CoA

Acetyl-CoA

Choline

Neurotransmitter
Synthesis

Choline
Acetylcholine

Mitochondria
Nucleus

Cytoplasm
Phospholipid
Synthesis

DNA/Histone
Methylation

Choline

Betaine

SAM

Methionine

SAM
CH3

CH3

CH3

CH3

Phosphatidylcholine

(Diet/Liver Synthesis)

ChAT

ChDh

CK
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Potential Mechanisms of Long-Term Learning 
and Memory Deficits

1. Persistent impairment in expression patterns of 
synaptic genes
– Epigenetic modifications (e.g., methylation)

2. Residual neuron structural deficits
– Not enough iron during energy-demanding critical 

period of hippocampal neuron maturation

Choline

Choline Improves Adult Hippocampal Function after 
Early-Life ID 

• Treatment of iron-deficient pregnant rats with 
choline during late gestation in conjunction with 
early postnatal iron repletion improves:
– Novelty learning/memory (Kennedy et al 2014)

– Hippocampal gene expression patterns (Tran et al 2016)

– DNA/Histone methylation at BdnfIV promoter (Tran et al 2015)

• Test whether choline requires iron and whether it 
can act directly on neurons to improve structure

Establishment of 
axon and dendrites

Peak dendritic growth and 
synapse formation

Mature 
Neuron

Choline Intervention Experimental Design

Treatment Groups:
1) Control
2) Iron-Deficient
3) ID + Iron Repletion

4) Control + Choline
5) ID + Choline
6) ID + Iron/Choline

Iron & Choline Treatments

Iron & Choline Treatments

2118

Choline Restores Dendrite Complexity without Iron Repletion

Bastian et al., unpublished
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Choline Restores Energy Metabolism without Iron Repletion

Bastian et al., unpublished

Treatment: 11DIV to 18DIV Treatment: 14DIV to 21DIV

a > b > c; p < 0.05

Iron

Part 3 – Choline Summary

Mitochondrial 
Respiration

Early-life ID

Simplified 
Dendrite 
Structure

Neuronal &
behavioral 

dysfunction Cytochrome
synthesis

ATP

FETUS-NEONATE ADULT

Causal
Intervention

Choline

Mitochondrial 
dysfunction

X
X

X
X

LATE

Summary
• Timely iron repletion is sufficient to recover neuronal deficits 

caused by early-life ID
– Need for better biomarkers of early-life brain ID
– Better understanding of iron-dependent critical periods

• Neuronal energy metabolism is a promising therapeutic target 
for alternative treatment strategies 

• Choline may provide a nutritional “work-a-round” to support 
neuronal development in the face of early-life ID
– Mitochondria, epigenetics, lipid membranes, neurotransmission

• Understanding the basic neurobiology reveals novel 
therapeutic strategies that are not otherwise obvious

Key Takeaways
• Iron deficiency is still a significant health problem, even in the 

U.S.
– Impairs brain development even without causing anemia
– Maintain iron sufficiency during throughout first 1000 days

• Should we be handing out choline supplements to anyone who 
might be iron-deficient?
– No!
– But…its important that pregnant/nursing women and infants/toddlers are 

getting enough choline!
• Building the brain correctly the first time is a lot easier than 

developing work-arounds



6/17/20

17

Acknowledgements
Michael Georgieff, MD
Lorene Lanier, PhD
Asha Siddappa, MD
Phu Tran, PhD
Sierra Burr
Justin Campagna

Lanka Dasanayaka
Nina Gunderson
William von Hohenberg
Ashley Horejsi
Olivia Kaus
Emily Larson

Daniel Mendez
George Michalopoulos
Emily Peterson
Jordan Treder

References
1. Auerbach M, Abernathy J, Juul S, Short V, Derman R (2019) Prevalence of iron deficiency in first trimester, nonanemic pregnant women. The Journal of 

Maternal-Fetal & Neonatal Medicine:1–4.

2. Auerbach M, Georgieff MK (2019) Guidelines for iron deficiency in pregnancy: hope abounds: Commentary to accompany: UK guidelines on the management

of iron deficiency in pregnancy. Br J Haematol:bjh.16220.

3. Beluska-Turkan K, Korczak R, Hartell B, Moskal K, Maukonen J, Alexander DE, Salem N, Harkness L, Ayad W, Szaro J, Zhang K, Siriwardhana N (2019) Nutritional 

Gaps and Supplementation in the First 1000 Days. Nutrients 11:2891.

4. Blusztajn, J., Slack, B, Mellott, T (2017) Neuroprotective Actions of Dietary Choline. Nutrients 9:815.

5. Cogswell ME, Looker AC, Pfeiffer CM, Cook JD, Lacher DA, Beard JL, Lynch SR, Grummer-Strawn LM (2009) Assessment of iron deficiency in US preschool 
children and nonpregnant females of childbearing age: National Health and Nutrition Examination Survey 2003-2006. Am J Clin Nutr 89:1334–1342.

6. Cusick S, Georgieff M, Rao R (2018) Approaches for Reducing the Risk of Early-Life Iron Deficiency-Induced Brain Dysfunction in Children. Nutrients 10:227.

7. Cusick SE, Georgieff MK (2016) The Role of Nutrition in Brain Development: The Golden Opportunity of the “First 1000 Days.” The Journal of Pediatrics 175:16–
21.

8. Derbyshire E, Obeid R (2020) Choline, Neurological Development and Brain Function: A Systematic Review Focusing on the First 1000 Days. Nutrients 12:1731.

9. Georgieff MK (2017) Iron assessment to protect the developing brain. The American Journal of Clinical Nutrition 106:1588S-1593S.

10. Georgieff MK, Krebs NF, Cusick SE (2019) The Benefits and Risks of Iron Supplementation in Pregnancy and Childhood. Annual Review of Nutrition 39:121–146.

11. Korsmo HW, Jiang X, Caudill MA (2019) Choline: Exploring the Growing Science on Its Benefits for Moms and Babies. Nutrients 11:1823.

12. Lynch S, Pfeiffer CM, Georgieff MK, Brittenham G, Fairweather-Tait S, Hurrell RF, McArdle HJ, Raiten DJ (2018) Biomarkers of Nutrition for Development 
(BOND)—Iron Review. The Journal of Nutrition 148:1001S-1067S.

13. Markova V, Holm C, Pinborg A, Thomsen L, Moos T (2019) Impairment of the Developing Human Brain in Iron Deficiency: Correlations to Findings in 
Experimental Animals and Prospects for Early Intervention Therapy. Pharmaceuticals 12:120.

14. Mei Z, Cogswell ME, Looker AC, Pfeiffer CM, Cusick SE, Lacher DA, Grummer-Strawn LM (2011) Assessment of iron status in US pregnant women from the 
National Health and Nutrition Examination Survey (NHANES), 1999-2006. Am J Clin Nutr 93:1312–1320. 


